Abstract-In this paper, we propose a multi-beam and multi-range (MBMR) radar with frequency modulated continuous wave (FMCW) waveform and digital beam forming (DBF) algorithm to cover a detection area of long range and narrow angle (150 m, ±10 • ) as well as short range and wide angle (60 m, ±30 • ) as a single 24 GHz sensor. The developed radar is highly integrated with multiple phased-array antennas, a two-channel transmitter and a four-channel receiver using K-band GaAs RF ICs, and back-end processing board with subspacebased DBF algorithm. The proposed 24 GHz MBMR radar can be used for an adaptive cruise control (ACC) stop-and-go system which typically consists of three radars, such as two 24 GHz short-range radars for object detection in an adjacent lane and one 77 GHz longrange radar for object detection in the center lane.
INTRODUCTION
According to the statistics, it is reported that more than 160 thousand people lose their lives and more than 6 million people have been injured because of car accidents all over the world annually [1] . Nowadays, lots of researchers working for automotive application have been trying to develop the radar sensors for reducing human casualties from those collision accidents [2] [3] [4] [5] [6] [7] . As the result of this market demand, various radar systems, such as adaptive cruise control (ACC), stop-and-go, blind spot detection (BSD), lane change assist (LCA), and rear crash warning (RCW), have been widely applied to vehicles. Particularly, an ACC stop-and-go system that has not only ACC function but also stop-and-go function to mitigate or prevent collision accidents in the emergency situation of frontal target vehicles, is an important safety application. Figure 1 (a) shows a typical ACC stop-and-go system that requires three radar sensors: two short range radars with a range coverage of 60 m and an angle coverage up to ±30 • to detect cut-in or cutout targets in an adjacent lane, and one more long range radar with a coverage of 150 m and ±10 • to detect vehicles in the center lane [8] . To implement such an ACC stop-and-go system, radar suppliers have developed various radar sensors. A 77 GHz radar of DENSO corporation presents a switching array structure with DBF technology. This radar has a range detection capability of 150 m and an angle detection capability of ±10 • [9] . The company BOSCH also has developed a 77 GHz ACC radar with a range detection capability up to 250 m and an angle detection capability of ±15 • . HELLA and M/A-COM present 24 GHz short-range radars with a simple mono-pulse structure. These short range radars have a range detection capability of 70 m and an angle detection capability of more than 30 • [10, 11] . However, these bulky radar sensors have a spatial limitation in the aspect of frontal bumper installation and make the cost of an ACC stop-and-go system high. In order to reduce the size and cost of these bulky radar systems, a single sensor based 24 GHz radar with a one-channel transmitter and four-channel receiver was developed [12] . However, the single beam radar with only one-channel transmitter is difficult to discriminate a primary vehicle in the center lane and vehicles in an adjacent lane in dense traffic situation.
In this paper, to overcome limitations of both bulky ACC stop-and-go system with three radar sensors and discrimination capability for a primary vehicle detection in dense traffic situation, we designed a single sensor based MBMR radar that has two switching array antennas to cover long range and narrow angle coverage (150 m, ±10 • ) and short range and wide angle coverage (60 m, ±30 • ) respectively as shown in Figure 1 (b). The proposed MBMR radar uses an FMCW waveform as the signal source, which has a simple architecture and requires low computing power compared to a pulse waveform [13] [14] [15] [16] [17] [18] [19] [20] . The FMCW waveform is used to obtain the range and velocity simultaneously. Also, the radar adopts subspace based DBF technology using a switching array structure with multi-channel transmitter and receiver to implement multi-beam and multi-range function. This switching array structure can lower the system cost by reducing the number of receiver channels, as well as lessen the system size. The DBF technology is used to detect the azimuth angle with high resolution and accuracy [21] [22] [23] [24] [25] [26] . This paper is organized as follows. In Section 2, the system design concept of the proposed MBMR radar regarding hardware structure, FMCW waveform and DBF algorithm are given. In Section 3, the design results of front-end and back-end modules are described. In Section 4, experimental results and discussion in the aspect of detection performance are presented.
RADAR SYSTEM DESIGN

Hardware Structure Design
In order to implement multi-detection function for range and angle of targets as a single sensor, a two-channel transmitter (TX) and a fourchannel receiver (RX) structure is proposed as shown in Figure 2 . To reduce the size and cost of the complex transceiver with multi-channels, we used single-pole double-throw (SPDT) and single-pole four-throw (SP4T) switches for the TX and RX, respectively.
The TX port #1 for long range and narrow angle detection (150 m, ±10 • ) is connected to multiple series-fed patch antennas (SFPAs). The TX port #2 for short range and wide angle detection (60 m, ±30 • ) uses a single SFPA. The proposed SFPAs have advantages, such as light weight, low profile, and a compact line length feed network [27] . To obtain desired radiation pattern and gain within limited radar size, a patch of 12 is used as one array configuration. However, the array configuration with the same patch size shows poor side-lobe level (SSL) performance. To improve the SSL performance, the patch widths as shown in Figure 3 are optimized by a 3D simulator. A coaxial feeding is applied to the center point of patch array by considering an effective connection between the RF module and the antennas.
The TX consists of two-port SFPAs, a SPDT switch, a coupler, a voltage controlled oscillator (VCO), and a fractional N frequency synthesizer. The coupler is used for dividing VCO power to the TX output and mixer LO ports. The designed coupler has the coupled line configuration, which can control coupling power by line width and length. Normally, the FMCW signal is generated by the direct digital synthesizer (DDS), which features remarkable frequency resolution, low spurious output, and direct implementation of frequency, phase and amplitude modulation. However, the DDS has a bulky size and high cost. To mitigate this problem, the fractional synthesizer with an advanced delta-sigma modulator that gives highly fine step size and low spurious output is used for the proposed radar system [28] . The synthesizer provides low enough spurious output, which can remove the need for DDS references.
The RX has four SFPAs, a SP4T switch, a low noise amplifier (LNA), a mixer, a low pass filter (LPF), an intermediate frequency (IF) amplifier, and an analog-to-digital converter (ADC). The switch configuration can deteriorate the noise figure performance of the RX, if the switch is placed on the first stage of the RX. To achieve a low noise figure of the RX, the switch is followed by the LNA, which has a low noise figure of 2.5 dB and a high gain of 23.5 dB. Such high gain can reduce the noise figure effect of the mixer. So the noise figure of the RX has almost the same value with the loss of the switch. The LPF plays an important role to determine the noise bandwidth of the RX, which affects a minimum detectable power. The bandwidth is determined by the highest beat frequency which is calculated by maximum range and maximum Doppler frequency.
The timing diagram for the TX and RX ports is also shown in Figure 2 . The TX port #1 generates a FMCW signal of 1 period, which consists of up-chirp and down-chirp. During that time, the TX port #2 is in the off-state and the RX port is switched at stated intervals. For the next period of the FMCW signal, the TX port #2 is in the on-state, the TX port #1 is off-state and the RX port is switched at stated intervals. Such operation is repeated in order for the on-state of the radar. The received beat signals according to the FMCW waveform are shown in Figure 2 .
The back-end processing module performs digital signal processing such as linear control of FMCW waveform, coherent sampling of received beat signals, preprocessing for subspace based DBF and peak detection in frequency domain, postprocessing for data association, track filtering, path prediction, target selection, and longitudinal control of target vehicle.
Waveform and DBF Algorithm Design
In order to extract the radial velocity and range information of various targets on the road, we used the FMCW waveform as shown in Figure 2 . Its center frequency is 24.1 GHz. The frequency sweep bandwidth is 100 MHz and chirp period is 2 ms. A sampling frequency of Rx switch is 1 MHz, which means a sampling frequency of each Rx channel is under 250 kHz. When the reflected received signals are mixed with transmitted signals, the beat signals are given by
where f r is the range Doppler frequency and f d is velocity Doppler frequency. Accordingly, the relative range and velocity of the target can be calculated by
where c is the velocity of light, T is the period of each chirp, B is the transmitted bandwidth, and λ is wave length. In order to extract exact angle information with high resolution compared to conventional beam forming [29] , we designed the subspace-based DBF algorithm with multiple signal classification (MUSIC) [30] [31] [32] [33] [34] [35] . Receiver array geometries of implemented radar a(θ 1 ), a(θ 2 ), . . . , a(θ M ) , a(θ) is a (4 × 1) steering vector, M is the number of the target signal source, s(k) is a desired signal vector, Y(k) is the received baseband signal vector as shown in Figure 2 , and n(k) is additive noise signal. The interval d between each receiver antenna is uniform at 0.5λ to achieve wide angle detection of more than ±30 • by reducing the grating lobe during the angle steering. The spatial covariance matrix of 4 channel received signals can be obtained by
where E{·} denotes statistical expectation. An estimate of R due to the finite observation can be defined aŝ
Then, the eigen decomposition of the estimated covariance matrixR which consists of signal and noise subspaces, can be written aŝ
whereÛ s denote a unitary matrix containing eigenvectors of signal subspace,Λ s is a diagonal matrix corresponding to eigenvalues of signal subspace,Û n consists of eigenvectors of noise subspace, and Λ n includes eigenvalues of noise subspace. The spatial spectrum of the MUSIC algorithm is obtained by
The direction of arrival from reflected target signals can be obtained by searching the peaks of P MUSIC (θ). We implemented the MUSIC algorithm using more than 500 time samples to guarantee the performance of the algorithm in the aspects of both the dependency of time samples and angular accuracy. The performance of angular separation is 10 degree under minimum 10 dB SNR of input signal. The FMCW waveform and subspace-based DBF algorithm are applied to the long range and narrow angle beam (150 m, ±10 • ) of TX antenna #1 as well as the short range and wide angle beam (60 m, ±30 • ) of TX antenna #2. The MBMR function of the proposed radar is implemented by the combination of TX switch processing, FMCW control, and DBF algorithm. Figure 5(a) shows the photograph of designed transceiver module. The TX has an output power of 4 dBm and a VCO phase noise of −94 dBc/Hz at 100 kHz offset. The FMCW signal measured at the TX output port is presented in Figure 5 (b). The FMCW signal has 100 MHz bandwidth centered at 24.1 GHz. The RX presents a gain of 28 dB, a noise figure of 13.7 dB, and an IIP3 of −14.5 dBm. The return losses of TX output and RX input have a minimum value of 12.5 dB. Figure 6 shows the design results of an antenna module. The designed array antenna is shown in Figure 6 Table 1 .
DESIGN RESULTS
Front-end Module
Back-end Module
Figure 7(a) shows the photograph of designed back-end processing module, which mainly consists of field programmable gate array (FPGA) part and digital signal processor (DSP) part. The FPGA part performs fast multiplication and complex matrix calculation, such as the linear waveform control, coherent acquisition of received beat signals, DBF processing for angle detection, and 1024 fast Fourier transform (FFT) processing of received data. The DSP part performs ordered-statistic constant false alarm rate (OS-CFAR) processing with 10 −3 , target paring for range and velocity calculation, data association for object grouping, track filtering for rejection of ghost targets, path prediction for primary target selection in the center lane, and vehicle control for stop-and-go. The MBMR radar has a highly integrated size of 10 × 9.5 × 3 cm 3 as shown in Figure 7 (b). The current consumption of the developed radar module is typically 700 mA with a supply voltage of 12 V.
RADAR PERFORMANCE
The proposed MBMR radar was installed in the test vehicle, Tucson ix platform, which is produced by Hyundai Motor Company as shown in Figure 8(a) . All of the experiments were performed in an open space on flat ground. Two 10 dBsm target reflectors were used as standard targets for the performance test of the proposed MBMR radar as shown in Figure 8(b) . Generally, a 10 dBsm target reflector has almost the same radar cross section (RCS) value as a passenger vehicle.
The experiments were performed to confirm if the MBMR radar could simultaneously detect the range and angle information of two targets, which were located long range and short range beam area, respectively. For the test of the long range and narrow angle beam area, Figure 9 shows that the measured range and angle value of a 10 dBsm target, which was located at the position of 140 m and −9 • (a) (b) were 139.7 m and −9.1 • . For the test of the short range and wide angle beam area, Figure 10 shows that the measured range and angle value of a 10 dBsm target, which was located at the position of 60 m and +29 • were 59.6 m and +29.2 • . The reflected power of two targets was measured as 42 dB and 53 dB as shown in Figures 9(a) and 10(a) , respectively. The power of the detected targets is higher than the noise and clutter around targets. In this experiment, the two targets which were respectively located at long-narrow beam area and short-wide beam area, were exactly discriminated and detected using two switching array antennas, GaAs RF ICs with low noise figure, equalizer for the enhancement of baseband gain in the long distance area, processing gain from FFT compression, and subspace-based MUSIC algorithm with high resolution and accuracy.
CONCLUSION
In this paper, we developed a highly integrated MBMR radar with two-channel TX and four-channel RX using switching array antennas, K-band GaAs RF ICs, FMCW waveform, and subspace based DBF algorithm to overcome the demerits in the aspect of the size and cost of previous radar systems. We demonstrated that the proposed MBMR radar has target detection and target discrimination capabilities of long range beam area (150 m, ±10 • ) and short range beam area (60 m, ±30 • ) as a single sensor for an ACC stop-and-go application.
